A large number of molecular, cellular, and epidemiologic factors have been implicated in the regulation of bone development. A major unsolved problem is how to integrate these disparate findings into a concept that explains the development of bone as an organ. Often events on the organ level are simply presented as the cumulative effect of all factors that individually are known to influence bone development. In such a cumulative model it must be assumed that each bone cell carries the construction plan of the entire skeletal anatomy in its genes. This scenario is implausible, because it would require an astronomical amount of positional information. We therefore propose a functional model of bone development, which is based on Frost's mechanostat theory. In this model the genome only provides positional information for the basic outline of the skeleton as a cartilaginous template. Thereafter, bone cell action is coordinated by the mechanical requirements of the bone. When mechanical challenges exceed an acceptable level (the mechanostat set point), bone tissue is added at the location where it is mechanically necessary. The main mechanical challenges during growth result from increases in bone length and in muscle force. Hormones, nutrition, and environmental factors exert an effect on bone either directly by modifying the mechanostat system or indirectly by influencing longitudinal bone growth or muscle force. Predictions based on this model are in accordance with observations on prenatal, early postnatal, and pubertal bone development. We propose that future studies on bone development should address topics that can be derived from the mechanostat model. Bone development is one of the key processes of intrauterine and postnatal growth. Indeed, major abnormalities in bone development are incompatible with survival. Elucidating the mechanisms of this process, therefore, is an important task in biology and medicine. Similar to other fields of biomedical investigation, current research in bone biology heavily relies on the reductionist approach, which excludes the physiologic context as far as possible and focuses on the role of individual factors (1). Methods based on this approach have led to spectacular new insights into the molecular and cellular events occurring during bone development. A rapidly increasing number of factors, commonly called determinants or regulators of bone development, have been implicated in this process. To the list of molecular and cellular factors must be added the many environmental and behavioral factors identified by epidemiology, such as nutritional aspects and physical activity.
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Thus, the reductionist approach has been extremely useful in identifying individual parts of the developing bone's machinery. The problem is how to put the individual pieces back into place. This is an essential task when it comes to explaining bone development on the level that interests patients and physicians most-the organ level. Confronted with a maze of molecular and cellular pathways, one may easily reach the fatalistic conclusion that bone development is too complex to be understood. Alternatively, one may try to devise simplifying models of the relationship between the known organ-level features of bone development and the known molecular, cellular, and epidemiologic factors implicated in this process.
Possibly the simplest way to devise such a model is to present bone development as the cumulative effect of factors that individually are known to influence bone development. This could lead to a model similar to the one shown in Figure  1 , which-with more or less variations in detail-appears to be widely used in the current literature. Organ-level bone development results from the osteotropic action of a variety of contributors. Although apparently straightforward, a weak point in this model is that it presents bone development as a process of blind steering. None of the proposed determinants of bone mass and architecture has any current information on how much bone has already accumulated and how much more is needed. This is similar to driving a car with eyes closed and ears plugged-hardly a good strategy for traveling safely. If such a model is adopted, it therefore must be argued that the genes know it all, i.e. the entire blueprint for constructing the skeleton is contained in the genes box of the model. Accordingly, bones must be assumed to self-assemble following an intrinsic genetic plan.
There is good evidence that the self-assembly hypothesis is correct as far as skeletal patterning during embryonic development is concerned (2) . The shaping of bone templates during skeletal patterning occurs in a soft tissue. Thus, all participating cells can be coordinated through the diffusion of morphogens, which are molecules distributed in a gradient that alters the developmental fate of target cells in a concentrationdependent manner (2, 3) . The resulting structures have a relatively simple geometry.
However, it is more difficult to explain skeletal development on the basis of a similar self-assembly process once mineralization has occurred. For example, cortical development is determined by changes on the periosteal and endocortical surfaces (4) . The cells involved in this process cannot be coordinated by diffusible molecules, because they are separated by the mineralized bone cortex (4). Moreover, mineralized bone has an extremely complicated microarchitecture. The genome would have to harbor information on the final position of all structural elements (such as trabeculae and osteons) in the adult skeleton, and also on what each bone cell in the developing skeleton has to do to assemble these structures at the correct position. Models of mineralized bone development based on this self-assembly hypothesis therefore have to address the question of how the astronomical amount of positional information required for it could be stored in and released from the genome. A further problem is to explain how bone could adapt this genetically fixed plan to changing requirements, what these requirements are, and how they are detected.
A FUNCTIONAL MODEL OF BONE DEVELOPMENT: THE MECHANOSTAT
The cumulative concept outlined above inevitably presents the organ bone as the slave of its cells and molecules, inasmuch as it starts from the question "How do cells and molecules control or regulate bone development?" This is not the only possible way to start analyzing bone development. An alternative approach could be to ask the reverse question: "How does the organ bone control its cells and molecules to develop?" The following will illustrate this idea. Based on the reductionist approach, one might conclude that bone growth in width is controlled by the proliferation of periosteal osteoblast precursors. However, this is similar to saying that a car is moving because the wheels are controlled by the turning axes. Although both statements reasonably explain a phenomenon, they certainly catch just a small part of the truth. As far as the phenomenon of the moving car is concerned, asking the question "Who is the driver and where does he want to go?" could lead to complementary insights.
What then drives bone development and where is it headed for? To address the second part of the question first, a student of current bone literature might answer "The goal of bone development is to accumulate peak bone mass." However, it is hard to see why a bone should be programmed to become as heavy as possible. Indeed, heavy bones may rather be a disadvantage for wild animals, because additional weight increases energy expenditure and decreases running speed (5). Maximizing the body's calcium stores by increasing skeletal weight probably does not carry a big functional advantage, as serum calcium is maintained stable even in severe osteopenia.
Obviously, the functionally most relevant property of a bone is not its weight, but its strength. Bone strength is critical for survival, because fracture of a major bone usually means death for an adult wild-living animal (5) . As a consequence of this strong selection pressure, the evolutionary process should have led to mechanisms that maintain bone's mechanical integrity by whatever means are available. Thus, the aim of bone development should be to make bones as strong as necessary (5) . In that perspective, increasing a bone's mass is not the aim of bone development, but rather one of the means to achieve this aim. Another means to increase bone stability is to adapt bone architecture, either on the macroscopic or on the microscopic level (6 -8) .
A viable model of functionally controlled bone development has to take into account a general principle of regulation, which applies to biology, engineering, and even to human organizations (9, 10): Control requires not only the ability to act, but also needs information on the current state of affairs. Thus, a controlled system needs to have both effector and sensor mechanisms. The former performs an action, the latter generates feedback signals, which indicate whether the desired effect has been achieved or not. This automatically implies that there has to be information within the system about what the desired effect is.
These requirements for a controlled system are met by Frost's mechanostat model (11) and related approaches (8, 10) (Fig. 2) . It is proposed that the desired effect of bone homeostasis is to keep the mechanically induced deformation of bone (in biomechanical terminology called "strain") close to a preset level, or set point. The deformation of a bone is a surrogate measure of its strength, because a strong bone will deform less than a weak bone when a mechanical challenge is applied. 
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Bone deformation generates canalicular fluid flow (12) , which could be monitored by osteocytes (13) . When bone deformation exceeds a certain acceptable limit, osteocytes might sense this and send out signals, which could lead to adaptations in bone mass and architecture (14) . These adaptations increase bone strength, and the mechanical strain returns to the acceptable level.
According to this model, changes in bone mass and architecture occur when bone stability is challenged and bone deformation exceeds an acceptable level. To put it differently, the required mechanical strength of a bone determines its mass and architecture, not vice versa. During growth, bone stability is continually threatened by two processes, the increase in bone length and the increase in muscle force. Longitudinal growth increases lever arms and bending moments and therefore leads to greater bone deformation (7, 15) . Greater muscle force will also increase bone deformation during muscle contraction. Body weight alone puts relatively small loads on bones, but the effect of weight is amplified by muscle action (16, 17) . These challenges create the need for adaptational changes in bone mass and architecture. This answers the first of the two questions asked at the start of this discussion-what drives bone development? In the mechanostat model, the drivers of bone development are two nonbone organs, growth plate and muscle.
In summary, the proposed model distinguishes two functionally different phases of bone development: The first is skeletal patterning, in which the basic shape of all bones is preformed according to a genetically determined plan. Spatial information at that stage is provided by morphogens and similar signaling molecules. The second phase starts when mineralization occurs in these templates and diffusing morphogens can no longer reach all cells involved in bone development. The spatial information about where mineralized bone needs to be added and where it should be removed is now provided by mechanical strain. This mechanical information is translated into biologic signals using the mechanostat mechanism. Bone mass and architecture are adapted to keep mechanical strain close to the set point. The mechanical stress required for this scenario comes from muscle contraction, which is present at the time when bone mineralization starts (18) . Thus, in this model postembryonic bone development is controlled by the functional requirements of bone as an organ. The organ bone is not the slave, but the master of its cells and molecules, which it coordinates with the aim to maintain structural integrity.
Are mechanical factors more important for bone development than hormones and nutrition? The mechanostat model suggests that this question is similar to asking whether the steering wheel or the accelerator is the predominant regulator of car driving. As shown in Figure 2 , mechanical and nonmechanical factors are not competitors. Nowhere in the model could one of these factors substitute for the other, because they have different roles. Hormones and nutrition influence the mechanical loads on growing bone by acting on longitudinal bone growth and muscle mass. Hormones and nutrition might also alter the mechanostat set point, or the width of the tolerance zone around the set point, and they could modify many aspects of osteoblast and osteoclast performance. However, hormones and nutrition cannot replace the guiding effect of mechanical strain on bone.
CLINICAL AND EXPERIMENTAL OBSERVATIONS RELATED TO THE MECHANOSTAT MODEL
A scientific model is useful, if it provides explanations for study results and helps to create new hypotheses. It is beyond the scope of this article to give a complete account of bone development with regard to mechanostat theory. Frost and others have discussed many aspects, such as the mechanism of endochondral ossification (19, 20) , the influence of physical activity (16, 20) , the set point defect in osteogenesis imperfecta (11, 21) , and the possible race-related differences in the mechanostat set point (9, 22) . In the following we briefly review some additional features of bone development in light of the mechanostat model.
Fetal Bone Development. The hypothesis that fetal bone development should be driven by mechanical forces is certainly not widely accepted in the field of bone research. The fetus is usually thought to peacefully float in amniotic fluid and thus not to be exposed to mechanical forces. This view of the fetus is probably not shared by many women who have experienced pregnancy. In fact, regular fetal kicks against the uterine wall are a traditional clinical sign of fetal well-being (23) , and the fetus is moving almost constantly even at early stages of development (18) . The magnitude of the forces applied to the fetal skeleton during this intrauterine resistance training is not known. However, the forces are obviously sufficient to cause fractures when bone strength is decreased, such as in severe forms of osteogenesis imperfecta (24) .
The hypothesis of mechanostat-controlled fetal bone development is in accordance with computer simulations of this process (8, 25) and is compatible with clinical and experimental observations. Neuromuscular disorders with intrauterine onset are associated with low bone mass at birth (26 -28) . Pharmacologic inhibition of muscle contraction during fetal development decreases periosteal expansion in rats (29) .
Bone Development in Newborns and Premature Infants. The proposed role of estrogen in the mechanostat system is to lower the set point on endosteal bone surfaces, thereby increasing the amount of endocortical bone (10, 30, 31) . This could not only explain certain aspects of pubertal bone development in girls (see below), but is also of relevance for early postnatal events. During intrauterine life, the fetus is exposed to the high placental estrogen levels (32) . Accordingly, endosteal surfaces should be very sensitive to mechanical strain, leading to small marrow cavities and high organ-level bone density. This is the case (33-35) . Cutting off the placental estrogen supply at birth should increase the mechanostat set point on endosteal surfaces (31) . Therefore, a substantial amount of bone next to marrow should now be interpreted as mechanically unnecessary by the mechanostat. This should lead to endocortical resorption and expansion of the marrow cavity, which in densitometric terms corresponds to a decrease in volumetric bone mineral density (Fig. 3) . This mechanostat-based scenario is entirely consistent with observations in humans. There is indeed a postnatal increase in the size of the marrow cavity (35) (36) (37) , which leads to a drop of approximately 30% in directly determined bone density within the first 6 mo of life (34, 35, 38) .
At the same time, bones rapidly grow in length. From the perspective of mechanostat theory, the destabilizing effect of longitudinal growth should lead to the addition of bone tissue on periosteal surfaces, where the effect for stability is highest (7, 39) . This is what happens (36, 40) . Thus, the combined effect of decreased estrogen levels and increasing mechanical strain during the first postnatal months is a redistribution of bone tissue from the endocortical to the periosteal surface (35) (36) (37) . This is a useful mechanism, because it optimizes the distribution of bone mass with regard to mechanical stability and decreases the amount of calcium that must be added from nutritional sources.
When birth occurs prematurely, the placental estrogen supply is cut off earlier. According to mechanostat theory, decreasing estrogen levels should lead to marrow cavity expansion and a decrease in organ-level bone density, similar to mature newborns (Fig. 3) . Compared with mature newborns at birth, premature babies should have larger marrow cavities and lower bone density when they have reached expected term, because they have already started to adapt their bones to postnatal conditions (Fig. 3) . However, the differences in bone density between term and preterm babies should be only transient, if the timing of birth did not affect the mechanostat set point.
These predictions about the effect of premature birth on the skeleton are in accordance with clinical findings. At expected term, premature babies indeed have a larger marrow cavity (41) and lower densitometric results than term newborns have at birth (42, 43) . Although prematurity may have a deleterious effect on longitudinal bone growth (44 -46) , there is ample evidence from follow-up studies that the mass of the (shorter) bones is normal for size (44 -50) . This suggests that the mechanostat set point is not affected by premature birth. Thus, from the perspective of mechanostat theory, the so-called osteopenia of prematurity (not to be confused with rickets of prematurity) is the expression of physiologic postnatal adaptations.
Bone Development During Puberty in Girls. When estrogen levels rise again in female puberty, endosteal bone surfaces are resensitized to mechanical strain, leading to endocortical apposition at many skeletal sites (51, 52) . Adding bone on endocortical surfaces has a smaller effect on bone stability than adding the same amount of bone on the periosteal surface (7, 39) . Consequently, postpubertal, premenopausal girls and women have more bone relative to their mechanical needs than males (53, 54) . The purpose of this estrogen-dependent excess bone on endocortical surfaces could be to create a calcium reservoir, which can be tapped during pregnancy and lactation (55) .
Growth in Length Precedes Increases in Bone Mass. According to mechanostat theory, bone reacts to the challenges to its stability. As the response can only follow but not precede the challenge, bones are overloaded and thus fragile as long as growth continues (19, 56) . The lag between growth in length and growth in strength should be exaggerated when longitudinal growth accelerates (19) . In fact, the dissociation between bone's growth in length and in mass is a well-documented phenomenon during the pubertal growth spurt in both sexes (5, 52, (57) (58) (59) (60) , and could explain the increased fracture rate during that period in life (61) (62) (63) . Because the timing of the maximal increase in bone length and muscle mass differs among musculoskeletal regions (64, 65) , it is not unexpected that the increase in bone mass also follows a region-specific pattern during puberty (52) .
STUDY TOPICS DERIVED FROM THE MECHANOSTAT MODEL
As discussed until now, the mechanostat model makes sense from a theoretical perspective and can explain many clinical and experimental observations. What questions should be addressed in further studies?
1. Studies analyzing bone development on the organ level: In osteopenic disorders, is low bone mass the result of decreased bone length, increased mechanostat set point, or decreased muscle force? What is the main target organ of each of the putative regulators of bone mass (estrogen, testosterone, GH, vitamin D, PTH, calcium intake, etc): muscle, growth plate, or bone? When there is a direct bone effect, does it alter the responsiveness to mechanical stimulation (and thus change 
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RAUCH AND SCHOENAU the set point)? It is obvious that these questions can only be addressed in studies that are not limited to measuring bone density, but also take bone length and muscle force into account.
2. Studies analyzing bone development on the tissue, cell, and molecular levels: How is bone strain sensed? What are the constituents of the set point? By what mechanisms do hormones alter the set point? How is the set point affected in the various bone diseases? What are the effector signals? How do these signals recruit osteoclasts and osteoblasts for remodeling and modeling?
CONCLUSION
The mechanostat model is not just another item on the long list of regulators of bone development. Rather, it is a revolutionary concept, which puts the functional requirements of the organ at the center of bone development. It is revolutionary in the sense that it reverses the widely accepted order of things. Whereas prevailing models of bone development view the organ bone as the slave of its molecules and cells, the mechanostat model sees bone as their master. This model allows us to correctly predict many clinical and experimental observations. A whole new field of questions is waiting for answers. It was not an exaggeration when Parfitt recently concluded that "unraveling the operation of the mechanostat. . .is probably the most important unsolved problem in skeletal biology" (22) .
